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1 | INTRODUCTION

In our anthropogenically driven world, drinking water
supplies are dwindling everywhere, and water pollution
with organic substances that are persistent and hazardous
is steadily increasing.[l"‘] In particular, those contami-

Abstract

Many charged organic molecules behave as persistent and hazardous pollu-
tants with harmful effects on human health and ecosystems. They are widely
distributed related to their charged molecular structure that provides water solu-
bility. In order to track the fate and behavior of such pollutants, charged dyes with
specific absorption in the visible spectra serve as convenient model compounds.
We provide a platform of smart adsorbers that efficiently remediate positively and
negatively charged dyes (crystal violet and Amaranth) from water. Metal oxide
nanoparticles serve as a core with an intrinsically large surface area. The sur-
face potential was tuned towards positive or negative by decorating the cores
with self-assembled monolayers of dedicated long-chained phosphonic acid
derivatives. Selective remediation of the dyes was obtained with corresponding
oppositely charged core-shell nanoparticles. Mixed dye solution can be cleaned
by a cascade approach or by applying both particle systems simultaneously. The
removal efficiency was determined as a function of particle concentration via
UV-spectroscopy. The results of remediation experiments at different pH val-
ues and using superparamagnetic iron oxide nanoparticle cores lead to a simple
process with recycling capability.
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nants with polar or charged moieties exhibit improved
solubility in water and tend to dilute so that they widely
distribute and occur in trace concentrations.!’! Some
organic dyes also count as problematic contaminants
and are used in large quantities in the textile and food
industry.!o-]
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In contrast to most organic molecules composed of
a sp3-carbon skeleton, such dyes exhibit conjugated 7-
systems.['>1"] That leads to pronounced light absorption
of different dyes at a dedicated wavelength as a function
of their structure, and they can be easily detected and
tracked by simple optical spectroscopic methods. Water-
soluble dyes are thus perfect model representatives for
other charged organic pollutants. Charged organic dyes
can be classified by their Coulomb charge.[”"?! Cationic
dyes tend to interact with the negative surface charge of
cell membranes, enabling cell penetration.['>'4]

On the other hand, anionic molecules are known for
their reactivity due to hydrolysis in an aqueous environ-
ment and their harmful effects on the human body as
they often contain sulfonic acid groups.[?! Crystal vio-
let (CV*), a common cationic triphenylmethane dye, and
amaranth (AM™), an anionic azo dye, were selected for our
study. CV™* is known next to other hazardous impacts for
its mutagenic and potent carcinogenic effects.['>!4] AM~
is known for causing different severe diseases, including
congenital disabilities and tumors.[">'°] Besides their envi-
ronmental impact, both dyes represent either cationic or
anionic organic pollutants that need to be removed from
water with a simple, inexpensive, and scalable method.

Many different processes have been developed to purify
water from organic pollutants, such as chemical methods
like photocatalytic'”'8! or electrochemicall>!*-2! oxida-
tion, ozonation,[?2! and flocculation,!?*-2! physical meth-
ods like filtration[?] and adsorption!®*2"-*] or biological
processes like bioremediation!****] utilizing bacteria and
fungi, or enzymatic decomposition.[**! The adsorption
of pollutants on surfaces is one of the most promis-
ing methods.!°! Thereby, inexpensive broadband materials
are typically used as stationary phase filters—for exam-
ple, active carbon!*’! or minerals.[*"*2] However, those
approaches are limited in loading capacity and selectiv-
ity. Mobile sorbent materials that flow within the water
phase attract pollutants efficiently and can finally be
removed, representing a novel class of systems.!**] Metal
oxide nanoparticles (e.g., alumina, iron oxide, titanium
oxide, or zinc oxide) are accessible in sizeable quanti-
ties and provide a large intrinsic surface for adsorption.
Additionally, nanoparticle surfaces can be functionalized
to introduce different surface properties.!**! Several stud-
ies have treated nanoparticles (NPs) with amphiphiles
such as sodium dodecyl sulfate (SDS) or cetrimonium bro-
mide (CTAB) to improve their adsorption behavior.[*°]
However, these surface additives may cause secondary
pollution of water bodies as they are only physisorbed
and, therefore, reversibly attached to the surface. Other
methods use complex core-shell systems, for example,
consisting of an iron oxide core with a silica shell to
anchor ligands to the surface.l*°l In order to create

a large surface area with dedicated, attractive interac-
tion motifs, long-chained phosphonic acid (PA) deriva-
tives have been established.[*>*”-> PAs tend to form
self-assembled monolayers (SAMs), providing long-term
stable binding on metal oxide surfaces.l***7] Core-shell
NPs with PA-SAMs have been demonstrated as effi-
cient sorbent materials to remove hydrophobic alkanes,
crude oil, aromatic compounds, and even nano- and
microplastics.!#347:49]

In this work, we investigate the selectivity in remov-
ing charged organic molecules. We have functionalized
aluminum oxide nanoparticles (A1Ox-NPs) with two dif-
ferent phosphonic acid derivatives (Figure 1A) to realize
core-shell NPs that exhibit either positive (red) or nega-
tive (blue) surface charge. Those systems are designed to
behave complementarily to the charges of the proposed
dyes, AM~ and CV™* (Figure 1B). N-octadecyl phospho-
nic acid (PAC,;g) and (12-dodecyl phosphonic acid)-N-N-
dimethyl-N-octadecyl ammonium chloride (PAC;,NC;g)
were used as SAM-building molecules. In addition to the
central electrostatic interaction motif of charge and surface
charge, the SAM functionalization introduces secondary
motifs as Van der Waals (vdW) forces for all intermolec-
ular and hydrophobic interactions of long chains of the
SAM molecules and the conjugated core of the dyes.
The removal of dyes from water has been demonstrated
individually for each dye and simultaneously in cascade
experiments (Figure 1C). Investigating the pH dependency
of the adsorption and the desorption of contaminants
leads to a potential green process of particle recycling
using acids and bases. Finally, by utilizing maghemite NPs
(Fe,03-NPs) instead of Al1Ox-NPs as core material, the col-
lection process can be performed by applying an external
magnetic field, which offers large-scale applications. All
these findings combined make it a universal tool for water
remediation of charged organic pollutants.

2 | RESULTS AND DISCUSSION

AlOx NPs, as well as Fe,03-NPs, were characterized by
BET, transmission electron spectroscopy (TEM), X-ray
diffraction (XRD), and dynamic light scattering (DLS).
TEM measurements on AlOx NPs confirm the manufac-
turer’s specification of particle sizes below 50 nm (Figure
S4). Similar measurements on Fe,03-NPs have already
been published elsewhere.!**] XRD measurements are
shown in Figure S5. These measurements confirm the
nanocrystalline structure, as Scherrer analysis gave crys-
tallite sizes of 6.6 nm for AlOx NPs and 9.1 nm for
Fe,03-NPs. Additionally, the measurements confirmed
the crystal structures of the two materials to be the mono-
clinic y-Al, 05 and the cubic maghemite structure of Fe, O3
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Schematic outline for removal of charged molecules with (A) functionalized A1Ox nanoparticles (schematic representation

with chemical formulas of PAC,g and PAC,NC,3). B, Chemical formulas and UV-Vis spectra of the used contaminant molecules Amaranth

(AM") and crystal violet (CV*). C, Photographs of the water cleaning principle together with a schematic explanation, where a mixture of
CV* and AM™ is first treated with PAC,g functionalized NPs (PAC,4-NPs) to remove the positively charged CV* and subsequently treated
with PAC,4 functionalized NPs (PAC,,NC,3-NPs) to remove the negatively charged AM™.

of the two materials. BET measurements gave specific sur-
face areas of 123.6 m2 g~! for AlOx-NPs and 111.8 m2 g™
for Fe,03-NPs. DLS measurements in water showed aver-
age particle diameters for A1Ox-NPs of 80 nm + 26 nm,
indicating agglomeration.

The particles have been functionalized with PAC;g and
PAC,;NC,3 according to the method described in SI. In
order to quantify the shell formation, the particles were
analyzed by thermogravimetry (TGA). The measurements
showed an increased mass loss (15.5% and 7.2%, respec-
tively) for both PAC;g and PAC;,NC,g functionalized
nanoparticles (PAC,3-NPs and PAC;,NC,;g NPs) com-
pared to pristine AlOx-NPs (Figure S1A). These losses cor-
respond to a grafting density (GD) of 3.66 and 0.74 nm~2.
The lower GD for PAC{,NCy5-NPs compared to neu-
tral n-alkyl-chained PAC;g can be explained by repulsive
Coulomb forces of the charged quaternary amine and the
extended space demand related to the methyl-substitution.
The GD of PAC,4-NPs agrees with the literature for a
fully covered surface.l*>#*%] Fourier-transform infrared
spectroscopy (FTIR) was used to qualify the correspond-
ing SAM features on the NP surfaces (Figure S2A). The
spectra of both systems exhibit clear alkyl chain signals at
2850 cm~! and 2930 cm™! together with signals for bound
phosphonic acid at around 1000 cm~!. XRD measurements
(Figure S5) before and after functionalization showed no

difference, indicating that the particles do not change in
size or crystal structure during functionalization.

The NP dispersibility and surface charge were inves-
tigated by pH-dependent zeta potential measurements
(Figure S3A). Both particle systems show zeta potentials
between —40 and 40 mV but with different isoelectric
points (IEP). PAC,g-NPs showed an IEP at pH 6.9, whereas
PAC,NC,3-NPs had an IEP at pH 9.4 due to the quater-
nary ammonium moiety (pristine A10x-NPs showed an
IEP at pH 9.0). At a neutral pH (pH7), the PAC,g-NPs show
azeta potential of —2.0 + 5.7 mV, making them almost neu-
tral but slightly negatively charged, while PAC;,NC,5-NPs
show a positive zeta potential of +30.5 + 11.6 mV.

Additionally, both SAMs inherit an alkylated chain
pointing outwards, which makes them hydrophobic. Static
contact angle measurements were conducted on flat
atomic layer deposited (ALD) surfaces functionalized with
the SAMs to confirm the hydrophobic character of surfaces
functionalized with either of the two SAMs (Table S1). The
experiment was conducted on a flat surface rather than
spray-coated NPs to avoid inaccuracies due to different
surface roughness. PAC,g-surfaces showed hydrophobic
behavior with a contact angle of 106.9° to water. The con-
tact angle is reduced to 71.5° for PAC,,NC,g but still
significantly increased compared to the pristine ALD wafer
surface, which showed a contact angle of 28.3°. Thus,
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FIGURE 2 Influence of the particle mass on AM~ and CV*

removal efficiency with (A) PAC,3-NPs and (B) PAC;,NC,5-NPs.

the PAC,;,NC,;3-NPs showed hydrophobic behavior even
with the lower grafting density. The hydrophobicity and
the zeta potential can be tuned in that range by mix-
ing the two SAMs in different ratios (Figure S3). This
concept of mixed SAMs can increase water dispersibility
and maintain the hydrophobic character. Similar results
were found for Fe,03-NPs with grafting densities of 0.73
and 2.39 nm~2 for PAC;,NC;g-Fe,03; and PAC,3-Fe,0;,
respectively (Figure S1B), and FTIR spectra of phospho-
nic acid and alkyl chain bands were obtained (Figure S2B).
The IEPs were slightly lower than for A10x-NPs, with pH
8.0 for PAC,NC,5-Fe, 03 and pH 5.4 for PAC,g-Fe,03
(Figure S3B).

2.1 | Investigation of the maximum
loading capacity

To study the maximum loading capacity, water samples
with a volume of 14 mL containing either 0.036 mM of
AM™ or CV™ were treated with particle amounts of 8 mg,
16 mg, and 32 mg for each NP-system (Figure 2). The pH
value was set to pH 7 to investigate the adsorption behav-
ior under neutral conditions. 16 mg of PAC;g-NPs was
sufficient to remove CV*' completely (below the detec-
tion limit, which is 0.1 uM for CV* and AM~ for our
method), and 32 mg of PAC;,NC,3-NPs were needed to
achieve the same result for AM™. Both systems showed
high selectivity towards the oppositely charged contami-
nant. With 8 mg of PAC,53-NPs, extraction rates for AM™
of 12.9% and 78.8% for CV* were achieved (Figure 2A).
Contrarily, PAC;,NC,5-NPs extract AM~ with a rate of

49.5% and CV™ with a rate of 5.7% (Figure 2B). AM~ has
three negative charges, while CV* has a positive charge
(Figure 1). The negatively charged PAC,4-NPs attracted
the oppositely charged contaminant CVt but not AM™
electrostatically.

Nonetheless, other attractive binding motifs like vdW
or hydrophobic interactions also play a crucial role.
These interactions can explain the small fraction of AM™
extracted by PAC,5-NPs. Weaker hydrophobic interactions
could explain the lower extraction rates of PAC;,NC;g
compared to PAC,g, as the GD for PAC;,NC,g was sig-
nificantly lower, and the surface energy increased (Figure
S1A and Table SI). Still, both systems could outperform
the pristine nanoparticles, which captured AM™~ and CV*
with 42.1% and 20.8% extraction rates, respectively (Figure
S6). As the remaining water treated with 8 mg of nanopar-
ticles still contained significant amounts of dye molecules,
it can be assumed that the particles were fully loaded with
their maximum capacity. The packing density of the con-
taminants on the surfaces of the particles was estimated to
get a deeper insight into the adsorption mechanisms. With
a surface area of 123 m2 g™! (according to BET measure-
ments) of pristine AlIOx-NPs, the extraction rates of AM™
with PAC;,NC;5-NPs are 0.15 nm~2 (18.9 mg g~!), and
CV+ with PAC;g-NPs are 0.23 nm~2 (20.1 mg g~!). The cal-
culation indicates that at maximum loading, a monolayer
of dyes is attracted around the particle until the point is
reached where the particle’s charge is balanced and repul-
sion occurs between the dye molecules. The fact that the
concentrations of realistic water pollution in wastewater
treatment plants are 1000 times smaller (in the order of
ng L) indicates that 1.6 g of these particles is sufficient
to clean 1 ml*! of water, making it a highly efficient water
remediation method.

Nevertheless, a scalable extraction method needs to be
selected for cleaning the amounts of water a treatment
plant faces. A promising approach is using superparam-
agnetic iron oxide nanoparticles (Fe,03-NPs) instead of
AlOx-NPs since these can be easily removed by applying
an external magnetic field.[*>*7%>58] The proof of con-
cept for magnetic remediation of charged dyes is shown
in Figure S7. The extraction rates for PAC,g-Fe,03-NPs
of 93.2% (for CV™*) and 6.1% (for AM™) and PAC{,NCys-
Fe,05-NPs of 31.1% (for CV*) and 22.6% (for AM™) are
similar as for AlIOx-NPs and corresponding centrifugation
as a separation method.

2.2 | Cascade extraction

To further investigate the selective binding in competition,
PAC,3-NPs and PAC;,NC,3-NPs were added consecu-
tively to a dye mixture consisting of an equimolar solution
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FIGURE 3 UV/Vis spectra of water samples contaminated
with a mixture of CV* and AM™ and treated by (A) PAC,3-NPs in
the first step and PAC,,NC,5-NPs in the second step, (B)
PAC,;NC,5-NPs in the first step and PAC,5-NPs in a second step,
and (C) both particle systems simultaneously. The photographs
show the initial dye mixture and the remaining supernatants after
each extraction step.

of AM~ and CV' with a concentration of 0.05 mM
(Figure 3). After treatment of the solution with PAC,g-
NPs (Figure 3A), the initial color changes, and a clear
AM signal (see also Figure 1) was left in the supernatant.
The negatively charged PAC,3-NPs favor the adsorption
of CV*. By subsequently adding PAC;,NC,3-NPs to that
supernatant, the remaining AM™ signal was removed,
leading to clear, non-colored, clean water. On the opposite,
when the positively charged PAC;,NC;5-NPs were added
first to the dye mixture (Figure 3B), a clear signal of CV*
remained due to the removal of the negatively charged
AM ™, which was subsequently removed in the second step
by adding PAC,g-NPs.

In addition to these cascade or cross experiments, par-
ticle systems can be added simultaneously to the mixed
dye solution. That immediately leads to clean, non-colored

water without a detectable signal in the UV/VIS spec-
tra (Figure 3C). This experiment proves the possibility
of removing oppositely charged contaminants in an easy
one-step process.

2.3 | Influence of the pH value

As the pH value strongly impacts the zeta potential of
functionalized particles and thereby might impact techni-
cal/practical remediation processes, we have determined
the zeta potential of our systems for pH values ranging
from 4 to 11 (Figure S3). Additionally, we have performed
corresponding remediation experiments at different pH
values (Figure 4). The extraction rate for AM™~ decreases
from 70.9% to 9.2% for PAC,5-NPs and 100% (not detectable
anymore with the used method) to 8.4% for PAC;,NC;g-
NPs with increasing pH value while the extraction rate for
CVt increases (from 40.3% to 98.9% for PAC;g-NPs and
from 2.1% to 95.7% for PAC;,NC,g-NPs). As the particles
become more and more negatively charged with increasing
pH value, this could be explained by the electrostatic inter-
actions attracting or repulsing the dye contaminants. With
that, the pH-dependency to the selective binding towards
one of the dye molecules discussed before can be altered

85UB017 SUOLULLOD AIIE8.D) 3[cfedt|dde au Ag peusenob afe o e O '8sn JO s3I 1oy Afeld18U1IUQ AB]1A UO (SUO I PUOD-PUE-SLUIBYW0D A8 | M ARIq 1 UIIUO//SANY) SUONIPUOD pue swie | 84} 88S *[7z02/.0/72] uo Ariqiauiuo A8|im ‘BiequinN -UsBue|i3 seuioljaigsTeIs BAIUN AQ OSTO0EZ0Z OUBL/Z00T OT/I0P/W0 A8 |im Ake.q 1 pul|uo//stny wouy pepeojumod ‘T '¥20Z ‘TT0r8892



EIGEN ET AL.

and even reversed. The dependence on the pH value thus
opens the door for a simple and eco-friendly recycling
process by washing the loaded particles at a suitable pH
value. Exemplarily washing was tested for PAC,g-NPs, pri-
marily loaded with AM ™ at pH4 and CV™ at pH10 (Figure
S8). The first results support that AM~ was reversibly
desorbed at high pH values, and up to 99.5% could be
recovered at pH 11. CV*t on the other hand, showed the
strongest desorption at pH 3 with a desorption efficiency
of 31.8%.

However, high extraction rates were achieved for both
dyes in the medium pH range (pH 6 to 8) even though
the particles have the same charge as the contaminant. We
assume that the hydrophobic segregation, related to the 7-
core structure of the dyes and expressed by solubility in
water (10 mg mL~! for CV* and 50 mg mL™! for AM™),
becomes a significant driving force to the hydrophobic
NP-surface.

3 | CONCLUSION

We have generated oppositely surface-charged nanopar-
ticles by self-assembling dedicated chained phosphonic
acid ligands. These modified NPs exhibit excellent adsorp-
tion properties for either anionic or cationic dye molecules
with high selectivity to the oppositely charged molecules.
Mixed contaminated water samples containing the two
charged dyes can be selectively cleaned stepwise in any
order or simultaneously with excellent efficiency. The pH
dependency of dye-NP-surface attraction can be used to
reverse the selectivity, thereby offering a tool to recy-
cle the particles. The concept was successfully applied
to superparamagnetic iron oxide nanoparticles. Selectivity
and recyclability, combined with simple magnetic reme-
diation, provide the potential for a green and eco-friendly
process. Altogether, we firmly believe that this simple and
universal tool could be used to clean water from various
charged organic contaminants.
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